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We assessed the contribution of GABAa and GABAc receptors to GABAergic eﬀects on b- and d-wave in frog ERG in a wide range
of light stimulation conditions. The amplitude of both b- and d-wave was increased during GABAa receptor blockade by bicuculline as
well as during additional GABAc receptor blockade by picrotoxin. The eﬀects of GABAa receptor blockade were more pronounced in
light adaptation conditions. They strongly depended on stimulus intensity and showed considerable ON/OFF-response asymmetry. The
eﬀects of GABAc receptor blockade were more pronounced in dark adaptation conditions. They didn’t vary much with stimulus inten-
sity and showed little ON/OFF-response asymmetry.
 2008 Elsevier Ltd. All rights reserved.
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GABA is the major inhibitory transmitter in the retina
of vertebrates. It exerts its actions through several types
of membrane receptors. At least three types of GABA
receptors have been characterized: GABAa, GABAb and
GABAc receptors. Two of them, GABAa and GABAc
receptors, are ionotropic. They represent ligand-gated chlo-
ride channels. GABAb receptors belong to the family of G
protein-coupled, metabotropic receptors. The two types of
ionotropic receptors consist of diﬀerent subunits, hence
they diﬀer in their properties. GABAc receptors show
greater sensitivity to GABA as well as slower kinetics
and smaller single-channel conductance as compared to
GABAa receptors (reviews: Bormann, 2000; Cherubini &
Strata, 1997; Eggers, Ichinose, Sagdullaev, & Lukasiewicz,
2006; Lukasiewicz, Eggers, Sagdullaev, & McCall, 2004;
Mehta & Ticku, 1999; Quan & Ripps, 2001; Yang, 2004;
Zhang, Pan, Awobuluyi, & Lipton, 2001).0042-6989/$ - see front matter  2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2008.01.003
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E-mail address: pkupenova@abv.bg (P. Kupenova).The ionotropic GABA receptors are widely represented
in distal retina, where they are distributed in a speciﬁc way
among diﬀerent cell types (bipolar cells, horizontal cells,
photoreceptors) and can be found in both outer (OPL)
and inner (IPL) plexiform layers of the retina (reviews:
Eggers et al., 2006; Lukasiewitcz et al., 2004; Wa¨ssle, Kou-
len, Brandsta¨tter, Fletcher, & Becker, 1998; Yang, 2004;
for frog retina see Vitanova et al., 2001). As revealed by
immunocytochemical method, no colocalization exists
between GABAa and GABAc receptors (Vitanova et al.,
2001). The involvement of the two types of ionotropic
receptors in modulation of responses of the cells in distal
retina has been extensively studied. It has been demon-
strated that GABAa and GABAc receptors contribute to
diﬀerent extent to GABA-mediated currents in bipolar cell
dendrites and axon terminals and that they shape in a spe-
ciﬁc manner the time course of bipolar cell responses
(Dong &Werblin, 1998; Du & Yang, 2000; Eggers & Luka-
siewicz, 2006; Eggers, McCall, & Lukasiewicz, 2007; Luka-
siewicz & Shields, 1998; Lukasiewicz et al., 2004; Pan,
2001; Shen & Slaughter 2001; Shields, Tran, Wong, &
Lukasiewicz, 2000; Zhang & Slaughter, 1995; Zhang &
Yang, 1997). In this respect, speciﬁc diﬀerences have been
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depolarizing (ON) and hyperpolarizing (OFF) bipolar cells
(Du & Yang, 2000; Shields et al., 2000; Yang, 2004). Dis-
tinct GABAa and GABAc receptor-mediated inﬂuences
have been also shown in horizontal cells (Yang, Gao, &
Wu, 1999) and ERG responses (Arnarsson & Eysteinsson,
1997; Chappell, Schuette, Anton, & Ripps, 2002; Dong &
Hare, 2003; Kapousta-Bruneau, 2000; Mo¨ller & Eysteins-
son, 2003; Vitanova et al., 2001).
The diﬀerences in the properties and in the distribution
of the two types of ionotropic GABA receptors throughout
the retina imply a diﬀerent mode of their activation during
changes in stimulus intensity and under diﬀerent back-
ground illumination. So, these receptors may participate
in a speciﬁc manner in retinal sensitivity control. However,
in most of the studies concerning GABAa and GABAc
receptor-mediated eﬀects, light stimuli within restricted
stimulus intensity ranges were used. Therefore, the speciﬁc
participation of the two types of receptors in modulation of
responses to stimuli with diﬀerent intensity and in diﬀerent
states of adaptation is not well characterized. In this
respect, it is of particular interest to evaluate the GABAa
and GABAc receptor mediated eﬀects on the intensity-
response function of bipolar cells, which transmit visual
signals from distal to more proximal retinal layers. The
electroretinogram (ERG) is often used to estimate the func-
tion of bipolar cells, because it is widely accepted that the
activity of ON- and OFF-bipolar cells is (directly or indi-
rectly) the main source of the ERG b- and d-wave genera-
tion (Dick & Miller, 1978, 1985; Dick, Miller, & Dacheux,
1979; Gurevich & Slaughter, 1993; Hanitzsch, Lichtenber-
ger, & Mattig, 1996; Karwoski, Xu, & Yu, 1996; Stockton
& Slaughter, 1989; Szikra & Witkowski, 2001; Xu & Kar-
woski, 1994, 1995; Yanagida, Koshimizu, Kawasaki, &
Yonemura, 1986). The activity of some inner retinal neu-
rons, which modulates the bipolar cell responses via feed-
back mechanisms, may also contribute signiﬁcantly to
ERG responses (Dong & Hare, 2002, 2003; Hanitzsch,
Ku¨ppers, & Flade, 2004). However, the inner retinal neu-
rons have relatively small direct contribution to the cur-
rents, underlying the full-ﬁeld ERG, mostly to its d-wave
(Awatramani, Wang, & Slaughter, 2001; Bui & Fortune,
2004; Dong & Hare, 2000; Green & Kapousta-Bruneau,
1999; Katz, Wen, Zheng, Xu, & Oakley, 1991; Murakami
& Shigematsu, 1970; Ueno et al, 2006). An advantage of
electroretinographic method is that ERG is easily recorded
and, more importantly, the responses to stimuli covering
wide range of stimulus intensities can be assessed. As a
mass response, ERG represents the activity of all groups
of bipolar cells, each of them working in a speciﬁc narrow
range of stimulus intensities. It has been shown that the
intensity-response functions of both bipolar cells and
ERG waves are signiﬁcantly changed during treatment
with GABAa and GABAc antagonists (Arnarsson &
Eysteinsson, 1997; De Vries & Friedman, 1978; Euler &
Masland, 2000; Gottlob, Wu¨ndsch, & Tuppy, 1988; Kupe-
nova, Vitanova, Mitova, & Belcheva, 1991; Penchev, Vita-nova, Kupenova, & Belcheva, 1987; Popova, 2000; Popova
& Penchev, 1990; Vitanova, Penchev, Kupenova, & Belche-
va, 1987). However, in most of these studies, a blockade of
only one of the two types of ionotropic receptors, or only
simultaneous blockade of both types of receptors was per-
formed. In the studies, where more than one type of block-
ade of GABA receptors was obtained (Arnarsson &
Eysteinsson, 1997; Euler & Masland, 2000; Gottlob et al.,
1988), the attention of the authors was not focused on com-
parison of the GABAa and GABAc receptor mediated
eﬀects in particular stimulus intensity ranges and in diﬀer-
ent states of adaptation.
In the present study we compared the eﬀects of GABAa
and GABAa+GABAc receptor blockade on the intensity-
response functions of the b- and d-wave in the frog
ERG. The relative contribution of GABAa and GABAc
receptors to GABAergic eﬀects was evaluated in diﬀerent
stimulus intensity ranges and in diﬀerent states of adapta-
tion. It has been demonstrated that GABAa receptor-med-
iated inﬂuences are better pronounced in light than in dark
adaptation state. They depend in a speciﬁc manner on stim-
ulus intensity and show strong ON/OFF-response asym-
metry. GABAc receptor-mediated inﬂuences are more
pronounced in dark adaptation conditions. The responses
to stimuli within a wide range of stimulus intensities are
aﬀected to almost the same degree. The ON/OFF-response
asymmetry of the GABAc receptor-mediated eﬀects is not
well pronounced.2. Materials and methods
2.1. Object
The experiments were carried out on 27 eyecup preparations of frog
(Rana ridibunda). The eyecups were continuously superfused with Ringer
solution (mmol/l: NaCl 110, KCl 2,6, NaHCO3 10, CaCl2 1.6, MgCl2
0.8, Glucose 2; HCl 0.5 to adjust pH to 7.9) at a rate of 1.8 ml/min and
supplied with moistened O2.
2.2. Light stimulation
Diﬀuse white light from 150 W tungsten halogen lamp was used for
test as well for background illumination. The maximal intensity obtained
(denoted by 0) was 6.108 quanta s1 lm2 at the plane of retina. Neutral
density ﬁlters (ESCO PRODUCTS) were used for light intensity attenua-
tion. Intermittent test stimuli with 5 s ON and 25 s OFF periods were
applied. The intensity of the test stimuli (It) was changed at 0.5 log unit
steps within a range of 11 log units. For light adaptation of the eyecups
a bright background with intensity of 2.4  106 quanta s1 lm2 was
used. The intensity of the background (Ib) was suﬃcient to saturate the
rods (Fain, 1976; Hood & Hock, 1975).
2.3. Drugs
For selective GABAa receptor blockade, the competitive GABAa
receptor antagonist bicuculline (SERVA) was used, dissolved in Ringer
solution to a concentration of 300 lmol/l. In this concentration, a saturat-
ing eﬀect on the ERG was achieved, according to the dose–response rela-
tionship of the drug. For GABAc receptor blockade, the noncompetitive
blocker of GABAa and GABAc receptors picrotoxin (Fluka) was used. It
was applied on the background of the GABAa receptor blockade by bicu-
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cation, were used to assess the eﬀects of the GABAc receptor blockade.
The picrotoxin concentration used (50 lmol/l) was also a saturating one.
In a group of preliminary experiments the eﬀects of combined application
of picrotoxin and bicuculline were compared to eﬀects of treatment with
picrotoxin only. As no signiﬁcant diﬀerence was found between the two
groups, a treatment with picrotoxin only was later performed for com-
bined blockade of GABAa and GABAc receptors.2.4. ERG recording and data analysis
The electroretinograms were recorded by means of non polarized Ag/
AgCl electrodes at bandpass of 0.1–3000 Hz. The amplitudes of the ERG
b- and d-waves (ON- and OFF-response, respectively) were measured
from peak to peak. The peak amplitudes of the responses to stimuli of
diﬀerent It were used for assessment of the intensity-response function.
For better interpretation of the results, the following approximations
were made: the intensity-response function of the b-wave was ﬁtted by
the least square method to Naka-Rushton equation: V/Vmax = I
n/
(In + rn), where V, b-wave amplitude; Vmax, b-wave maximal amplitude;
I, test stimulus intensity; r, test stimulus intensity, required to produce
response with 0.5 Vmax amplitude (I50); n, exponent, related to the steep-
ness of the intensity-response function and the dynamic range of the
response. The dynamic range of the response (the range of intensities
within which graded responses can be obtained) was estimated as inten-
sity span of the responses with 5–95% Vmax amplitude. As the d-wave
intensity-response function is known to deviate from Naka-Rushton
equation, a method for smooth approximation of data (Talmi & Gilat,
1977) was used instead of v2 ﬁt to this equation (for application of the
method to ERG see Kupenova & Kupenova, 2003). Two points exist
on the stimulus intensity scale, where d-waves with half-maximal ampli-
tudes could be obtained - on the ascending and on the descending limb
of the intensity-response curve. In this study only the I50 point from the
ascending limb was considered. It was denoted by r in the text and in
Table 1. For both b- and d-wave, the value of r was used to assess
the relative sensitivity of the responses. For evaluation of the absolute
sensitivity of the ERG responses, the b- and d-wave thresholds were
obtained, using 10 lV criterion.
Students paired t test was used for drug eﬀects evaluation. For assess-
ment of eﬀects of GABAa receptor blockade, the values obtained during
treatment with bicuculline were compared with the values, obtained dur-
ing Ringer solution perfusion. The eﬀects of GABAc receptor blockade
were assessed by comparison of the values obtained during treatment with
picrotoxin (GABAa + GABAc receptors blockade) with those obtained
during bicuculline treatment (GABAa receptors blockade).Table 1
Eﬀects of GABAa receptor blockade by bicuculline and GABAa+GABAc rece
and 10 lV thresholds of the ERG b- and d-wave
Wave Parameter Dark adaptation
Ringer Bicuculline
b Vmax (lV) 293 ± 36.8 536 ± 82.8*
r (lg It) 6.84 ± 0.169 6.39 ± 0.184*
n 0.49 ± 0.021 0.52 ± 0.037
It dynamic range (log units) 5.30 ± 0.244 5.08 ± 0.373
10 lV threshold (lg It) 9.79 ± 0.143 9.66 ± 0.117
d Vmax (lV) 255 ± 55.4 508 ± 90.4**
r (lg It) 5.25 ± 0.076 5.45 ± 0.126
10 lV threshold (lg It) 9.49 ± 0.170 9.70 ± 0.144
Statistics: *p < 0.05; **p < 0.01; ***p < 0.001. The asterisks in the ‘bicuculline’ c
blockade by bicuculline (the results of the ﬁrst and second part of the experime
signiﬁcance of the eﬀects of GABAc receptor blockade by picrotoxin (the resu2.5. Experimental procedure and experimental groups
The frogs were kept in dark for 24 h before the experiments. The eye-
cups were prepared under dim red light. After preparation the eyes were
either dark or light adapted for 30 min, so two main experimental groups
were formed, dependent on the state of adaptation: dark and light adap-
tation group. The period of adaptation was followed by presentation of
test stimuli with increasing intensity. This procedure of adaptation and
test stimulation was repeated three times, thus every experiment consisted
of three parts with equal light stimulation conditions. In 5 of dark adapted
and 9 of light adapted eyecups a continuous superfusion with Ringer solu-
tion was performed during the whole experiment. These experiments were
used as controls. In the test experiments (6 of them on dark adapted eye-
cups and 7—on light adapted ones), the eyecups were superfused initially
with Ringer solution. However, during the second period of adaptation
and test stimulation, the perfusion was switched to 300 lmol/l bicuculline
in order to block GABAa receptors in the retina. Finally, in the third part
of the test experiments, the perfusion was switched to 50 lmol/l picro-
toxin, so in addition to the GABAa receptor blockade, a GABAc receptor
blockade was achieved during that time. Electroretinograms were contin-
uously recorded. The changes in the intensity-response functions of ERG
b- and d-waves, obtained during the GABAa receptor blockade by bicu-
culline and during the additional GABAc blockade by picrotoxin were fur-
ther analyzed. Detailed analysis of changes in the temporal characteristics
of the ERG responses was not performed in this study. The reversibility of
the eﬀects of the blockers was tested in a separate group of several exper-
iments where a reperfusion with Ringer solution was applied after GABA
receptors blockade. Continuous record of responses to one and the same
low intensity stimulus was performed in these experiments. The eﬀects of
GABA receptors blockade were reversible, but the recovery was slow.
3. Results
3.1. Dark adaptation group
In the control experiments of this group the ERG
records were stable and only minor changes in the inten-
sity-response functions of ERG b- and d-waves were
observed during the experiments (Fig. 1a and b) A slight
shift to the right of the d-wave intensity-response curve
(p < 0.05 for the r point; Fig. 1b) was seen during the sec-
ond part of the experiments, corresponding to the period of
GABAa receptor blockade in the test experiments.ptor blockade by picrotoxin on parameters of intensity-response functions
Light adaptation
Picrotoxin Ringer Bicuculline Picrotoxin
870 ± 168.9** 216 ± 37.7 455 ± 56.2*** 566 ± 102.2*
6.26 ± 0.147 2.98 ± 0.103 3.37 ± 0.123** 3.26 ± 0.106
0.51 ± 0.023 0.71 ± 0.038 0.82 ± 0.061 0.93 ± 0.087
5.10 ± 0.237 3.68 ± 0.201 3.25 ± 0.252 3.30 ± 0.335
9.71 ± 0.108 4.60 ± 0.095 4.97 ± 0.121* 4.92 ± 0.122
598 ± 114.7* 285 ± 47.4 485 ± 56.9*** 478 ± 86.2
5.86 ± 0.254 2.54 ± 0.098 3.46 ± 0.097*** 3.47 ± 0.080
9.54 ± 0.168 4.64 ± 0.066 5.25 ± 0.136*** 5.07 ± 0.100
olumns designate statistical signiﬁcance of the eﬀects of GABAa receptor
nts are compared). The asterisks in the ‘picrotoxin’ columns designate the
lts of the second and the third part of the experiments are compared).
Fig. 1. Eﬀects of GABAa receptor blockade by bicuculline and GABAa+GABAc receptor blockade by picrotoxin on the intensity-response functions of
the b-wave (left) and d-wave (right) in the ERG, obtained in dark adaptation conditions. Results of both control (a and b) and test (c and d) experiments
are represented. The amplitudes of the ERG waves are normalized to Vmax of the responses in the ﬁrst (control) part of the experiments (see Section 2).
Mean values ± SEM are shown. The symbols representing the responses obtained in the three parts of the experiments are denoted in the legends. The r
points (I50) of the curves are denoted by horizontal bars. In the insets original ERG records (b- and d-wave), are represented, obtained during perfusion
with Ringer (Rin), bicuculline (Bic) and picrotoxin (Picro) solutions. Stimulus intensity It = 5.5.
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In the test experiments of the dark-adapted group a
signiﬁcant increase of ERG b- and d-wave amplitudes
was seen (p < 0.01) during GABAa receptor blockade by
bicuculline (Fig. 1c and d; Table 1). Both b- and d-wave
increase during GABAa receptor blockade was strongly
dependent on stimulus intensity (Fig. 2a and b). The b-
wave amplitude increase was greater in the higher as com-
pared to the lower It range (p < 0.01). That’s why the r-
point of the b-wave intensity-response function was
shifted to the right along the It axis (Fig. 1c, Table 1) dur-
ing the treatment with bicuculline (p < 0.05). This ﬁnding
seems unusual, but it is consistent with the results of Ichi-nose and Lukasiewicz (2002), who have found a shift to
the right of r point of the intensity-response function of
ON-ganglion cells in tiger salamander during treatment
with bicuculline. The d-wave relative increase was better
pronounced in a It range, covering about 2 log unit below
and a half log unit above the r point (Fig. 2b). As a result
the r point was shifted slightly (insigniﬁcantly) to the left
along the It axis (Fig. 1d, Table 1). This shift might be
considered as more signiﬁcant if we take into account
the shift to the right of the r point in the controls (see
Fig. 1b). The 10 lV thresholds of the b- and d-wave, as
well as the b-wave dynamic range, were not signiﬁcantly
changed (Table 1).
Fig. 2. Relative increase of the amplitudes of the ERG b-wave (left) and d-wave (right) during GABAa receptor blockade by bicuculline (half-ﬁlled circles)
and during the additional GABAc receptor blockade by picrotoxin (ﬁlled circles). For assessment of the eﬀects of the GABAc blockade, the amplitudes of
the waves obtained in the third part of the experiments (during picrotoxin treatment) were compared to those, obtained in the second part of the
experiments (during bicuculline treatment). The total eﬀect of blockade of ionotropic GABA receptors is denoted by solid line. The changes in the control
(Ringer superfused) eyes during the second and the third part of the experiments are taken into account when evaluating the eﬀects of GABA receptor
blockades. Upper row (a and b)—dark adapted eyes; bottom row (c and d)—light adapted eyes.
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GABAa receptors to retinal ON- and OFF-responses, we
compared the bicuculline eﬀects on the b- and d-wave in
diﬀerent stimulus intensity ranges. As a whole, the relative
increase of the d-wave was greater than that of the b-wave
(Fig. 2a and b). The diﬀerence was signiﬁcant in the range
of low to moderate It (p < 0.05  p < 0.001 for particular It
points). It was not signiﬁcant in the higher It range (lg It
range 4  2). As a result of the diﬀerent increase of
the b- and d-wave amplitudes, the b/d-wave amplitude
ratio was considerably changed during GABAa receptor
blockade (Fig. 3a). This ratio was decreased and its varia-
tions with It were less pronounced.
To summarize, the amplitude range (Vmax) of both b-
and d-wave were increased during GABAa receptor block-
ade. The amplitude increase of the two waves depended in
a speciﬁc manner on stimulus intensity. As a result, theoperation (r) points of the two responses were shifted in
opposite directions along the It axis (b-wave—to the right;
d-wave—to the left). The b- and d-wave absolute sensitiv-
ity, assessed by their 10 lV thresholds, was not signiﬁcantly
changed. A strong ON/OFF-response asymmetry of the
eﬀects was demonstrated. The b/d-wave amplitude ratio
was decreased and varied less with stimulus intensity.
3.1.2. Eﬀects of GABAc receptor blockade
On the background of GABAa receptor blockade by
bicuculline, the additional GABAc receptor blockade by
picrotoxin produced extra changes in the ERG b- and d-
waves (Fig. 1c and d). The amplitude of both waves was
additionally increased (p < 0.05). The relative increase of
the b-wave amplitude was almost equally pronounced
within the whole dynamic range of this response
(Fig. 2a). So, the amplitude range (Vmax) of the ERG
Fig. 3. Changes in the b/d-wave amplitude ratio during GABAa receptor blockade by bicuculline (left) and during the additional GABAc receptor
blockade by picrotoxin (right). Means ± SEM are represented. The symbols used are denoted in the legends. Upper row, dark adapted eyes; bottom row,
light adapted eyes.
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axis and no change in the b-wave dynamic range were
observed (Fig. 1c, Table 1). The relative increase of the
d-wave was more pronounced in the range of low to mod-
erate It and less pronounced in the range of higher It
(Fig. 2b). As a result, the r point was shifted slightly to
the left along the It axis (p > 0.05). The 10 lV thresholds
of both b- and d-wave were not signiﬁcantly changed.
The relative increase of the b-wave amplitude due to
GABAc receptor blockade was almost equal to the relative
increase of the d-wave amplitude (Fig. 2a and b). Only in
the range of the highest It some diﬀerence existed, the
increase of the b-wave amplitude being more pronounced
than the increase of the d-wave amplitude (p < 0.01). So,
the b/d-wave amplitude ratio was not changed at all in
low to moderate It range and it was increased in the range
of higher It (Fig. 3b).
In summary, the most prominent eﬀect of the GABAc
receptor blockade was the increase of the amplitude range(Vmax) of both b- and d-wave. As the amplitude increase
didn’t vary much with stimulus intensity, the relative sensi-
tivity of the two waves was not signiﬁcantly changed (r was
not shifted). The absolute sensitivity of both ERG
responses was not signiﬁcantly changed as well. There
was no pronounced ON/OFF asymmetry of the eﬀects
and the b/d-wave amplitude ratio was little changed.
3.2. Light adaptation group
In the control experiments of this group (Fig. 4a and b),
the following changes in the intensity-response functions of
the ERG waves were observed, which were taken into
account when considering the eﬀects of the GABA recep-
tors blockade: During the second part of the experiments,
corresponding to the period of GABAa receptor blockade
in the test experiments, the r point of the b-wave intensity
response function was shifted to the right along the It axis
by 0.2 log units (p < 0.01). No additional change in the
Fig. 4. Eﬀects of GABAa receptor blockade by bicuculline and GABAa+GABAc receptor blockade by picrotoxin on the intensity-response functions of
the b-wave (left) and d-wave (right) in the ERG obtained in light adaptation conditions. All designations are as in Fig. 1. In the insets responses (b- and d-
wave) to stimulus with It = 0.5, are represented.
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third part of the experiments. The intensity-response func-
tion of the d-wave was not shifted along the It axis, but a
decrease in the Vmax value was obtained in the second
(p < 0.001) as well as in the third part (p < 0.01) of the
experiments.
3.2.1. Eﬀects of GABAa receptor blockade
In the test experiments of the light adaptation group
the GABAa receptor blockade caused signiﬁcant increase
of both the b- and d-wave amplitudes (Fig. 4c and d).
This increase was more pronounced than the increase,
obtained in the dark adaptation group (compare Fig. 2c
and d to Fig. 2a and b). Only the OFF-responses to high
It stimuli were increased to the same extent in the two dif-
ferent states of adaptation.For both b- and d-wave, the amplitude increase was
greater in the range of lower It as compared to the range
of higher It (Fig. 2c and d). As a result, the relative sensi-
tivity of both responses was changes during the blockade.
The r-point of the b-wave intensity-response curve was
shifted to the left along the It axis by about 0.4 log units
(Fig. 4c; Table 1). It might be accepted that the r shift is
even greater if we take into account the r-shift to the right
during the corresponding period in the control experiments
(see Fig. 4a). The d-wave intensity-response curve (Fig. 4d)
was shifted to the left by 1 log unit (p < 0.001). The 10 lV
thresholds of both b-wave (p < 0.05) and d-wave
(p < 0.001) were decreased during GABAa receptor block-
ade (Table 1).
In the lower It range the d-wave amplitude increase was
greater than the b-wave amplitude increase (p < 0.01). The
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p < 0.01 for particular points). As a result the b/d ampli-
tude ratio was decreased at lower It, but increased at higher
It (Fig. 3c).
In summary, the amplitude ranges of the b- and d-wave
were increased. The eﬀect on the amplitudes in light adap-
tation state was more pronounced as compared to the eﬀect
in dark adaptation state. The amplitude increase strongly
depended on stimulus intensity. Both relative and absolute
sensitivity of the b- and d-wave were increased (the r-
points were shifted to the left, the 10 lV thresholds were
decreased). The b/d-wave amplitude ratio was decreased
in lower It range but increased in the range of higher It.
3.2.2. Eﬀects of GABAc receptor blockade
The GABAc receptor blockade, which was performed in
the third part of the experiments on the background of the
GABAa receptor blockade, caused only slight additional
increase (not exceeding 15–20%) of the b-wave amplitude
(Fig. 4c; Fig. 2c). The d-wave amplitude was not changed
(Fig. 4d). However, having in mind the 15–20% decrease
of the d-wave amplitude in the corresponding period of
the control experiments (see Fig. 4b), some potentiation
of the ERG OFF-response (d-wave), comparable to the
potentiation of the ON-response (b-wave) might be
accepted. It was taken into account when evaluating
GABAc receptor blockade eﬀects. The eﬀect of GABAc
receptor blockade on both b- and d-wave amplitudes was
signiﬁcant only at It > 3 (p < 0.05). The position of the
intensity-response curves of both the ERG b- and d-wave
along the It axis, the 10 lV thresholds of these responses
and the b-wave dynamic range were not changed signiﬁ-
cantly during the GABAc receptor blockade. The b/d wave
amplitude ratio wasn’t changed as well.
To summarize, only slight potentiating eﬀect on the b-
and d-wave amplitude was observed during GABAc recep-
tor blockade. The absolute and relative sensitivity of both
responses as well as their amplitude ratio were not signiﬁ-
cantly changed.
4. Discussion
The results of our study conﬁrm that both GABAa and
GABAc receptors are involved in the control of the inten-
sity-response functions of the retinal cells, whose activity is
represented by the b- and d-wave in the frog ERG. The
results obtained characterize the speciﬁc contribution of
each of the ionotropic GABA receptors to GABA eﬀects,
dependent on the state of adaptation and stimulus
intensity.
Our data show that GABAa receptors contribute signif-
icantly to GABA eﬀects on retinal sensitivity in both light
and dark adaptation conditions, but their contribution is
more pronounced in light adaptation state. On the con-
trary, GABAc receptors have only minor contribution to
GABA eﬀects in light adaptation conditions. They are
more strongly involved in mediation of GABA inﬂuencesduring dark adaptation. The retina of frog is a mixed-type
of retina, where both rods and cones are well represented.
That’s why a question arises if the diﬀerences in the
GABAa and GABAc receptor-mediated eﬀects during dark
and light adaptation depend on their speciﬁc involvement
in sensitivity control of rod- and cone-mediated responses.
Our experimental conditions enabled functional separation
of rod- and cone-mediated responses. As the intensity of
the background used was high enough to saturate the
rod-mediated responses, pure cone-mediated responses
were obtained in the light-adapted eyes. In the dark-
adapted eyes, pure rod-mediated responses were obtained
in the lower stimulus intensity range and mixed, rod- and
cone-mediated responses were elicited in the higher stimu-
lus intensity range. Our results clearly show that the inten-
sity-response functions of the pure cone-mediated ON and
OFF retinal responses, represented by the b- and d-wave in
the ERG, are modulated mostly by GABAa receptors. The
rod-mediated responses are shown to be modulated by
both GABAa and GABAc receptors. While rod-mediated
ON-responses are almost equally aﬀected by both types
of receptors, the rod-mediated OFF-responses are more
strongly aﬀected by GABAa receptors. Our data about
greater contribution of GABAc receptors to rod-driven
than to cone-driven ERG responses is in accord with the
data of Euler and Wa¨ssle (1998), who demonstrate that
in rat, the GABAc receptor mediated currents consist
greater fraction of GABA currents in rod bipolar cells as
compared to cone bipolar cells.
The results of our study supply evidence that the contri-
bution of GABAa and GABAc receptors depends in a spe-
ciﬁc manner not only on the state of adaptation, but, in
given conditions of adaptation, also on stimulus intensity
range. With minor exceptions, GABAc receptor-mediated
inﬂuences are almost equally pronounced in the whole
range of stimulus intensities, within which dynamic
responses can be obtained. That’s why they aﬀect mostly
the amplitude range of the responses. On the contrary,
the inﬂuences, mediated by GABAa receptors, show strong
and speciﬁc dependence on It. Restricted ranges of stimulus
intensities exist, where peaks in the GABAa receptor med-
iated eﬀects are observed (refer to Fig. 2). As a result,
GABAa receptors aﬀect both the amplitude range and
the operating point of the neuronal responses along the
stimulus intensity scale. This observation can’t be
explained simply by the properties of the two types of iono-
tropic receptors themselves, but rather implies involvement
of diﬀerent groups of synapses, which participate in speciﬁc
neuronal circuits. It has been shown that in the frog retina
GABAergic neurons represent some groups of horizontal
and amacrine cells and, only rarely, some bipolar cells
(Mosinger, Yazulla, & Studholme, 1986; Yazulla, 1986).
The immunocytochemical study of distribution of GABAa
and GABAc receptors in the retina of frog (Vitanova et al.,
2001) revealed that both receptor types are distributed in
IPL, as well as in OPL of the retina. As the horizontal cells
make their synaptic contacts in the OPL and the amacrine
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involved in some way in GABAa and GABAc-receptor
mediated eﬀects. Horizontal cell responses are graded over
a wide range of stimulus intensities, covering 4 log units, on
the average (Thibos & Werblin, 1978). On the contrary,
amacrine cell responses have narrow intensity span, cover-
ing less than 1 log unit of the stimulus intensity scale (Wer-
blin, 1971). The intensity span, as well as the contrast
sensitivity of amacrine cells were shown to vary consider-
ably among single cells (Burkhardt & Fahey, 1999). It
might be assumed that the strongly expressed GABAa
receptor inﬂuences in restricted stimulus intensity ranges
are due to speciﬁc contribution of GABAa receptors to
neuronal circuits, where particular types of amacrines,
working in narrow stimulus intensity ranges are involved.
The GABAergic amacrine cells in the frog retina make
two main types of synaptic contacts, which may inﬂuence
the bipolar cell activity. The amacrine cell processes are
presynaptic elements in feedback contacts on bipolar cell
axon terminals. In our previous study (Vitanova et al.,
2001) it has been demonstrated immunocytochemically
that both GABAa and GABAc receptors are well
expressed on bipolar axon terminals in frog and that there
is no colocalization of the two types of ionotropic receptors
at that place, so these receptors may participate in diﬀerent
feedback synapses. A blockade of either GABAa or
GABAc receptors in these synapses is expected to result
in increase of bipolar cell light responses and the amplitude
of the ERG responses, as it was observed in our experi-
ments. The GABAergic amacrine cells may also contact
other amacrine cells and serial synapses can be formed.
In lower vertebrates serial synapses have been shown to
exist (Zhang, Jung, & Slaughter, 1997), where one GAB-
Aergic amacrine cell exerts GABAa receptor-mediated
inhibition on another amacrine cell, which participates
itself in a GABAc-mediated feedback onto bipolar cell. A
blockade of GABAa receptors in the amacrine/amacrine
cell synapse would result in disinhibition of the GABAc-
mediated inﬂuence and thus in decrease of bipolar cell light
responses (and the ERG b- and d-wave amplitude, respec-
tively). We didn’t observe a decrease of the amplitudes of
the ERG responses during GABAa receptor blockade with
bicuculline. That’s why we suppose that in the IPL of the
frog, the dominating GABAa receptor-mediated eﬀect on
the amplitude of the ERG responses is the direct eﬀect on
bipolar cell axon terminals.
The information processing in the retina takes place in
two separate channels: ON and OFF channel. It is of partic-
ular interest to reveal the speciﬁc contribution of the two
types of ionotropic GABA receptors to the ON- and
OFF-channels responses. It has been shown that in
amphibian retina ON pathway may be preferentially sup-
pressed by GABAc receptors (Zhang & Slaughter, 1995),
while in the carp retina OFF pathway is preferentially sup-
pressed by GABAa receptors (Zhang & Yang 1997). Our
results show that in the frog retina the ERG ON- and
OFF-responses in the low to moderate stimulus intensityrange are almost equally aﬀected by GABAc receptors,
while in the high stimulus intensity range, the ON-responses
are aﬀected to a greater degree than the OFF-responses. As
a whole, the ON/OFF-response asymmetry of GABAc
receptor-mediated eﬀects is not strongly manifested at the
level of ERG responses, so they don’t change much
the ON/OFF-response amplitude ratio. On the contrary,
the ON/OFF-response asymmetry in the GABAa receptor
mediated inﬂuences is well manifested in the frog ERG
responses. In most of (but not all) light stimulation condi-
tions the OFF-responses are inﬂuenced to a greater extent.
Therefore, according to our data, GABAa receptors are
involved to a greater extent in modulation of ON/OFF-
response amplitude ratio, which may favor in a speciﬁc
way the information transfer through ON- or OFF-chan-
nels in the retina. For example, ON- responses are usually
favored in dark adaptation conditions. From our experi-
ments it becomes clear that GABAa receptors, but not
GABAc receptors have strong contribution to this eﬀect.
The results concerning diﬀerent participation of GABAa
and GABAc receptors in the ERG ON- and OFF-response
modulation are consistent with the data about the distribu-
tion of these receptors in the retina of frog (Vitanova et al.,
2001). It has been shown that the strata immunolabeled for
GABAc receptors extend over the whole depth of the IPL,
while those immunolabeled for GABAa receptors, are
located mainly in the distal and central parts of this layer.
In the retina of vertebrates, the IPL is divided in two sub-
laminae: a and b. In the more distal sublamina a the
OFF-center bipolar cell axons terminate and drive OFF-
center ganglion cells. In the more proximal sublamina b
the ON-center bipolar cell axons end and drive ON-center
ganglion cells (Famiglietti & Kolb, 1976; Nelson, Famigli-
etti, & Kolb, 1978). So, if we compare the electrophysiolog-
ical data with the data from GABA receptor
immunolabeling, it might be assumed that in frog, a greater
number of GABAa receptors exists on the OFF- as com-
pared to the ON-bipolar cell axon terminals.
If we compare our results with the results of other
investigators, it can be seen that, in diﬀerent species, great
variations exist in the eﬀects of GABAa and GABAc
receptor blockade on the amplitude of the ERG
responses. During GABAa receptor blockade by bicucul-
line the ERG b-wave was increased in rat (Kapousta-Bru-
neau, 2000), Xenopus (Arnarsson & Eysteinsson, 1997),
frog and turtle (Vitanova et al., 2001). It was not changed
in skate (Chappel et al., 2002). In rabbit retina the eﬀect
of bicuculline was dose-dependent: an increase of the b-
wave was observed at low concentrations, but the b-wave
was abolished at higher concentrations (Gottlob et al.,
1988). During GABAc receptor blockade the ERG b-
wave was increased in Xenopus (Arnarsson & Eysteins-
son, 1997), frog and turtle (Vitanova et al., 2001), rabbit
(Gottlob et al., 1988). A b-wave decrease was found in
skate (Chappel et al., 2002), rat (Kapousta-Bruneau,
2000) and rabbit (Dong & Hare, 2002). It is diﬃcult to
explain the diversity of the eﬀects of GABAa and GABAc
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make direct correlation between the eﬀects of GABA
receptor blockade and the type of retina. For example,
opposite eﬀects of GABAc receptor blockade (b-wave
increase or decrease) have been obtained both in mamma-
lian and lower vertebrate retinae. Opposite eﬀects were
even found in one and the same species while using one
and the same blocker (Gottlob et al., 1988 and Dong &
Hare, 2002).
In conclusion, our results show that GABAa and
GABAc receptors contribute in a speciﬁc manner to
GABA inﬂuences on the amplitude of the responses of
the ERG-generating neurons. GABAa receptor-mediated
inﬂuences are more pronounced in light than in dark adap-
tation state. They show strong, speciﬁc dependence on
stimulus intensity. ON- and OFF-responses are aﬀected
to a diﬀerent extent, so GABAa receptors strongly modu-
late the ON/OFF-response amplitude ratio in diﬀerent
light stimulation conditions. GABAc receptor-mediated
inﬂuences are more pronounced in dark adaptation state.
The relative eﬀect on the amplitude of the ERG waves does
not vary much with stimulus intensity. The ON/OFF-
response asymmetry of GABAc receptor-mediated eﬀects
is not well pronounced. The data obtained are consistent
with the properties and distribution of the GABAa and
GABAc receptors in the frog retina.References
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